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ABSTRACT
Native to North America, non-oilseed, confectionery sunflower (Helianthus annuus L.) has been traditionally cultivated in Spain since its introduction from the New World in the 16th century. This created great genetic diversity in the form of local landraces, whose characterization and conservation is of paramount importance. In this research, several seed and plant traits, as well as flowering time, were evaluated in a collection of 192 landraces of confectionery sunflower from Spain. Evaluation was conducted in Córdoba, Spain, in 2011 Spain, in , 2012 Spain, in , and 2013 . The greatest variability was observed for hundred-seed weight (4.21-19.68 g), plant height (65.00-361.67 cm), head diameter (9.00-31.00 cm), and days to flowering (64.31-103.00 d). Genetic diversity in the collection was also evaluated with a set of 52 simple sequence repeat (SSR) markers, which produced 167 alleles, with an average of 3.2 alleles per locus (from 2 to 5). The SSR markers disclosed moderate variability in the germplasm collection, with average Nei's expected heterozygosity of 0.29 (from 0.02 to 0.50). The analysis of the structure of the germplasm collection revealed the existence of two separated genetic pools, one of them widely distributed throughout the country and another one tracing back to a reduced area in the north of Córdoba Province, where accessions with a high level of membership in this group are still relatively common. Genetic diversity of this germplasm can be of use for widening the genetic base of cultivated sunflower.
was worshipped as a sacred image of the sun god, and it was taken to Spain (Lehner and Lehner, 1960) . The latter hypothesis is followed by the Dictionary of Spanish Language of the Royal Spanish Academy, where sunflower is described as "native to Peru" (RAE, 2014) . After its introduction in the 16th century, sunflower has been traditionally grown in Spain as an ornamental plant in gardens and for the use of seeds as a snack. It has also been used as a border plant in small vegetable gardens (Pardo-Pascual, 1942) . This has resulted in the development of numerous local landraces whose conservation is of paramount importance. However, the introduction of improved cultivars in the second half of the 20th century, together with a gradual replacement of sunflower by maize (Zea mays L.) as a border plant in small vegetable gardens, has led to a drastic genetic erosion of confectionery sunflower germplasm in Spain. In the mid1980s, the then-called National Institute for Agricultural Research (INIA) started the collection of local landraces of confectionery sunflower, with the collaboration of J.M. Fernández-Martínez (Instituto de Agricultura Sostenible-Consejo Superior de Investigaciones Cientí-ficas [IAS-CSIC], Córdoba, Spain). Collection efforts were interrupted until the 2000s, when new collection expeditions were conducted by L. Velasco (IAS-CSIC, Córdoba, Spain). This resulted in a germplasm collection of 196 accessions of confectionery sunflower that is currently maintained at the Centre of Plant Genetic Resources of INIA. Part of the collection was previously evaluated for seed quality traits, which revealed large genetic variation for some of the traits (Velasco et al., 2014) . The objective of the present research was to evaluate the germplasm collection for several seed and plant traits and to analyze genetic diversity using microsatellite (simple sequence repeat [SSR]) molecular markers.
MATERIALS AND METHODS

Germplasm Collection
The study was based on 187 accessions of the INIA germplasm collection of confectionary sunflower (http://wwwx.inia.es/ coleccionescrf/PasaporteCRF.asp) plus five additional accessions collected by the authors. The accessions were collected in the following Spanish regions: Andalusia (129 accessions), CastileLa Mancha (40), Extremadura (15), Castile and León (7), and Murcia (1). The complete list of accessions used in this research and their collection locations is given in Table 1 . An overview of the distribution of collection sites is shown in Fig. 1 .
Plant Cultivation and Tissue Collection
The accessions were grown in the field at the experimental farm of the Institute for Sustainable Agriculture in 2011, 2012, and 2013 . Most of the accessions were characterized by a high level of self-incompatibility and high plant stature, >4 m in some cases. Both characteristics hindered to a large extent seed multiplication. All the plants were bagged and sib-mated using Rizhopus, determined that not all the accessions produced seed in the 3 yr. Phenotypic data for each accession were based on information collected in at least two environments, although no information on all the accessions could be obtained in a single environment. In all cases, 40 seeds per accession were germinated in moistened filter paper and sown in small pots, and the plants were transplanted in the field after 3 wk in a growth chamber. Plants of each accession were grown in a single row 8 m long with 20 cm of plant spacing and 2-m separation between accessions. The plants were furrow irrigated as needed. Two fully expanded leaves were cut from 15 randomly selected plants per accession before flowering.
Phenotypic Evaluation
Days to flowering, measured as the average value per accession of the number of days between planting and flowering time for each individual plant of the accession, was recorded. Plant height and head diameter were measured for each plant at the end of flowering. After harvesting, hundred-achene weight, hundred-kernel weight, and the proportion of hull in the achene were determined. Achene length and width were measured on 25 randomly selected achenes per accession. Seed color and the presence and position of stripes were not included because most of the accessions were very variable for these traits (i.e., they contained seeds of different colors and/or showed differences for presence and position of stripes). Oil content was measured on previously desiccated achenes (17 h at 103°C) by nuclear magnetic resonance (Granlund and Zimmerman, 1975) on an Oxford 4000 analyzer (Oxford Analytical Instruments). For all the traits, data from 2 yr were averaged.
Molecular Characterization
Leaves were frozen at −80°C, lyophilized, and ground to a fine powder in a laboratory mill. DNA was isolated using the protocol described by Rogers and Bendich (1985) with small modifications. Such modifications were: (i) addition of 0.1% (w/v) ascorbic acid, 0.1% (w/v) diethyldithiocarbamic acid sodium salt, and 0.2% (v/v) 2-mercaptoethanol to the cetyltrimethylammonium bromide (CTAB) extraction buffer just before use; and (ii) use of chloroform instead of chloroform:isoamyl alcohol (24:1). Since for all the landraces used in this study the plants were sib-mated, within-accession diversity was not evaluated and equal amounts of DNA of 15 plants per accession were pooled and used as a template for polymerase chain reaction (PCR) amplification. A total of 95 SSR markers distributed across the 17 sunflower genetic linkage groups were screened initially using 16 diverse accessions with different geographical distributions and traits. This screening gave rise to 52 markers with clearly scorable and polymorphic bands, providing good coverage across the sunflower genome (Table 2 ). These 52 SSR markers were used for subsequent genotyping of the complete set of 192 accessions. The PCR reactions were performed using 30 mL of reaction mixture containing 1´ PCR buffer, 1.5 mM MgCl 2 , 0.2 mM of deoxynucleotides, 0.3 mM of 3¢-and 5¢-end primers, 0.7 units of Taq DNA polymerase (Biotaq DNA Polymerase, Bioline), and 50 ng of genomic DNA. Conditions for PCR were: denaturation at 94°C for 2.5 min, annealing temperature of +10°C for 30 s, 72°C for 30 s, nine cycles in which the annealing temperature was decreased by 1°C every other cycle, 32 cycles at 94°C for 30 s, annealing temperature for 30 s, and 72°C for 30 s with a final extension of 20 min at 72°C. Annealing temperatures varied from 52 to 60°C. The amplification products were separated on 3% Metaphor agarose (BMA) gels in 1´ TBE buffer stained with SaveView Nucleic Acid Stain (NBS Biologicals). The gels were visualized under ultraviolet light. A 100-bp DNA ladder (Solis BioDyne) was used as a molecular weight marker to get an approximate size of DNA fragments. The presence or absence of bands was scored as 1 or 0, respectively. The Quantity One 1-D Analysis Software (Bio-Rad Laboratories, 2006) was used for the allele designation by comparing allele bands to the 100-bp DNA ladder.
Data Analysis
The bands of amplified products were scored as present (1) or absent (0) and a binary matrix was constructed, in which the bands were treated as individual alleles. The reason for this was that more than two alleles per sample were observed in some cases, as the templates used in SSR analysis were pooled DNA from 15 plants from each accession. The frequency of each allele in the germplasm collection was calculated, and the polymorphic information content (PIC) for each locus was estimated as PIC = 1 − S(p i 2 ), where p i is the proportion of samples carrying the ith allele (Singh and Singh, 2015). Nei's expected heterozygosity (He) was computed for all loci as a measure of genetic diversity. All parameters were calculated using GenAlEx 6.501 (Peakall and Smouse, 2012) .
The binary matrix was transformed into a genetic similarity matrix using Jaccard coefficient and principal coordinates analysis (PCoA) was conducted using NTSYS-pc 2.2 software (Rohlf, 2010) .
Identification of genetically homogeneous groups in the germplasm collection was conducted using STRUCTURE version 2.3.4 (Pritchard et al., 2000) . The software iteratively clusters the samples on the basis of a user-supplied K number Finally, analyses of molecular variance (AMOVA) were conducted based on groups defined by specific areas of origin of the accessions, at the level of region, province, and even at the intraprovince level in the case of Córdoba, which showed a particular pattern of variation. Geographical groups were only considered in those cases in which a sufficient number of accessions per area were available. The AMOVA analyses were performed with GenAlEx 6.501.
RESULTS
Phenotypic data of the germplasm collection for seed and plant traits, as well as for days to flowering, are shown of groups, with samples being assigned probabilistically to one or several groups. An admixture model following the HardyWeinberg equilibrium was used. The analysis was repeated 10 times for each value of K (from 1 to 20) using a burn-in period of 100,000 Markov chain Monte Carlo (MCMC) iterations and a run length of 100,000. The number of groups that best fit the data was determined using Structure Harvester (Earl and von Holdt, 2012) with the Evanno correction (Evanno et al., 2005) . Permutations of the output of STRUCTURE analysis were calculated using the FullSearch algorithm provided in CLUMPP version 1.1.2b (Jakobsson and Rosenberg, 2007) , and the output was used to produce bar graphs of the population structure using Origin Pro 9.1 software (OriginLab Corporation, 2017). in Table 3 . The greatest variability was observed for hundred-seed weight from 4.21 to 19.68 g, for plant height from 65.00 to 361.67 cm, for head diameter from 9.00 to 31.00 cm, and for days to flowering from 64.31 to 163.00. Data for individual accessions are given in Supplemental  Table S1 . Hundred-seed weight was positively correlated with both seed length (r = 0.78, P < 0.01) and seed width (r = 0.75, P < 0.01), which in turn were also positively correlated (r = 0.62, P < 0.01). Strong positive correlation was also observed between plant height and days to flowering (r = 0.78, P < 0.01) and between oil content and percentage of kernels in the achene (r = 0.61, P < 0.01). Conversely, the main negative correlation (r = −0.43, P < 0.01) involved the percentage of kernels and seed width (Table 4) .
Evaluation of the 192 landraces with the selected 52 SSR markers produced 167 alleles, with an average of 3.2 alleles per locus and minimum and maximum values of two and five, respectively ( Table 2 ). The allele frequency in the collection ranged from 2.1 to 90.1%. The average PIC number for SSRs was 0.47 (from 0.18 to 0.77). The SSR markers disclosed moderate variability in the germplasm collection, with an average value of Nei's He of 0.29 (from 0.02 to 0.50).
Principal coordinate analysis showed genetic diversity in the germplasm collection. Figure 2 shows the two first coordinates, which explained 4.6 and 3.0% of the variation, respectively. A group of 14 accessions from Andalusia clearly differentiated from the rest of the collection. Thirteen of them were collected in six villages from two well-defined geographical areas in the northern area of Córdoba Province: El Viso, Hinojosa del Duque, Villanueva del Duque, and Villaralto in the Pedroches Valley, and Espiel and Villanueva del Rey in the Guadiato Valley. The maximum distance between any of these villages is 36 km. For the other accession from this group, the only information available is that it was collected in Córdoba Province. The analysis of the structure of the germplasm collection revealed the existence of two major genetic groups (Fig. 3) . They were named Group 1 and Group 2. The percentage of membership of each accession to each genetic group is shown in Fig. 4 . Group 2 was mainly represented in the accessions from northern Córdoba, although all the geographical areas contained some accessions with a high percentage of membership in this group. The 14 distinct accessions identified in PCoA (Fig. 2) had, in general, a high percentage of membership in Group 2, averaging 85% (from 58 to 97%). From 51 landraces collected in the two main geographic areas in the north of Córdoba, Guadiato Valley (n = 22) and Pedroches Valley (n = 29), the highest percentage of membership in Group 2 was observed in Pedroches Valley, which contained 10 accessions with >90% membership in this group (Fig. 5) . The percentage of membership in Group 2 was positively correlated with plant height (r = 0.55, P < 0.01) and days to flowering (r = 0.53, P < 0.01) and negatively correlated with seed length (r = −0.32, P < 0.01), seed width (r = −0.39, P < 0.01), and hundred-kernel weight (r = −0.32, P < 0.01).
The AMOVA considering the geographic groups used for structure analysis indicated that 97% of the variation was found within groups and only 3% was attributable to differences between groups. When the AMOVA was computed considering only those accessions with high level of membership (>85%) in the two groups defined in the STRUCTURE analysis, variation between the two groups was 21%, with the remaining 79% denoting variation within groups.
DISCUSSION
The results of this research indicate that the germplasm collection contains large phenotypic variation. The largest variation was found for head diameter, hundred-seed weight, plant height, and days to flowering, with a marked association of taller plants with late flowering. Although no phenotypic information from all the accessions could be obtained in a single environment, differences were large enough to be considered meaningful, taking into account that, in all cases, data from at least two environments were included. The large variation for flowering time in part of this germplasm collection was previously reported by Velasco et al. (2014) , who also reported the existence of variation for seed quality traits such as squalene and tocopherol contents and sterol profile. The existence of a positive correlation between flowering time and plant height has been previously reported in sunflower germplasm (Bert et al., 2003) . Previous studies on genetic diversity of sunflower germplasm have focused on different types of sunflower populations, including wild populations, landraces, old cultivars, and parents of modern elite hybrids, both maintainer and restorer inbred lines. A gradual narrowing of allelic diversity from one end of the germplasm spectrum (wild populations) to the other (elite oilseed inbred lines) has been documented . Mandel et al. (2011) Filippi et al. (2015) reported a Nei's He index of 0.51, with an average number of alleles per locus of 4.95. In the present research, Nei's He was 0.29, with 3.2 alleles per locus. Although comparison of different studies is difficult because of wide differences in plant material and methodological approach, the results from the present study revealed a moderate level of genetic diversity for confectionery landraces in Spain, compared with the abovementioned studies. However, it has to be taken into account that the present research focused on a very specific group of sunflower germplasm, made up exclusively of confectionery landraces collected in Spain.
Analysis of population structure in sunflower has focused mainly on extensive collections including a wide range of germplasm, but there are few studies focusing specifically on confectionery sunflower germplasm. Dong et al. (2007) , Kholghi et al. (2012) , and Jannatdoust et al. (2016) studied population structure of 70, 15, and 50 confectionery cultivars, respectively, from China (Dong et al., 2007) and Iran (Kholghi et al., 2012; Jannatdoust et al., 2016) using amplified fragment length polymorphism (AFLP), SSR, and/or retrotransposon-based markers. In those studies, the authors did not find a clear structure defined on the basis of geographical origin. In our study, two separated genetic pools, one of them widely distributed throughout the country and another one tracing back to a reduced area in the north of Córdoba Province, were identified. Most of the accessions of the latter area, particularly those from the Pedroches Valley, had a high percentage of membership in one of the genetic groups (Group 2). The high relative proportion of accessions in this geographic area with a high percentage of membership in Group 2 suggests that this particular genetic group might have evolved in this area. The presence in the Pedroches Valley of other accessions with a high percentage of membership in Group 1, as well as accessions with intermediate membership values, suggests the introduction of foreign germplasm. Most of the accessions of Group 2 are very tall and late flowering. They were formerly often used for shadowing small vegetable gardens, and their dried stems were used as beams for drying sausage inside houses (Moreno-Valero, 1994) . Such uses are not so common nowadays, which might have led to the introduction of shorter and earlier flowering forms from other areas. Confectionary sunflower has been a traditional crop widely cultivated at a small scale in Spain (PardoPascual, 1942) . This has resulted in the development of landraces adapted to specific geographic areas and specific cultural uses (Moreno-Valero, 1994 ). Spain's industrial development in the 1960s led to a drastic reduction of active agrarian population (from 35.7% in 1964 to 16.3% in 1984) that moved to other sectors in the cities (Lieberman, 1995) . This process probably contributed to dispersal and mixture of germplasm, including the introduction of foreign forms after the loss of local landraces. Because of the particular characteristics of the plants, associated with well-documented traditional uses (Pardo-Pascual, 1942; Moreno-Valero, 1994) , and the existence of a common genetic identity in a very restricted geographic area, our hypothesis is that the Group 2 genetic pool represents ancient forms of confectionery sunflower germplasm. Conversely, accessions with a high percentage of membership in Group 1 cannot be associated to a specific geographic area, and they are probably more recent forms that became popular due to their shorter stature and earlier flowering.
In conclusion, the present research showed the existence of an overall moderate genetic diversity of confectionery sunflower landraces in Spain, compared with other studies based on broader sets of sunflower germplasm. The study revealed the existence of two separated genetic pools, one of them widely distributed throughout the country and another one tracing back to a reduced area in the north of Córdoba Province, where accessions with a high level of membership in this group are still relatively common. Genetic diversity in this germplasm collection can be of use for widening the genetic base of cultivated sunflower.
